Various studies suggest a dysfunction of nicotinic neurotransmission in schizophrenia and establish that patients suffering from schizophrenia and attention deficit hyperactivity disorder (ADHD) have a high tobacco consumption, potentially for the purpose of selfmedication. Owing to its neuroprotective and procognitive effects, transdermal nicotine was proposed to be an effective treatment of some neurodegenerative and psychiatric diseases. Mice deficient in the dopamine transporter (DAT KO) exhibit a phenotype reminiscent of schizophrenia and ADHD, including hyperdopaminergia, hyperactivity, paradoxical calming by methylphenidate and cognitive deficits, some of which being improved by antipsychotic agents. We recently demonstrated that nicotinic receptor content and function were profoundly modified in DAT KO mice. In this study, we assessed the effects of a chronic nicotine treatment in the drinking water on the nicotine-induced locomotion, anxiety status and learning performance. Chronically nicotine-treated DAT KO mice were always hypersensitive to the hypolocomotor effect of nicotine without tolerance and did not exhibit the anxiogenic effect of nicotine treatment observed in WT mice. Very interestingly, both acute and chronic nicotine treatments greatly improved their deficits in the cued and spatial learning, without eliciting tolerance. We speculate that the procognitive effects of nicotine in DAT KO mice are related to the upregulation of a7 nicotinic receptors in the hippocampus, amygdala, and prelimbic cortex, all areas involved in cognition. Data from our studies on DAT KO mice shed light on the nicotine self-medication in psychiatric patients and suggest that nicotinic agonists could favorably lead to additional therapy of psychiatric diseases.
INTRODUCTION
Nicotine, as all drugs of abuse, induces dopamine (DA) release in the shell of the nucleus accumbens (Pontieri et al, 1996 ; for a review, see Di Chiara et al, 2004) . Effects of nicotine on DAergic neurotransmission are mediated via various nicotinic/cholinergic receptor (nAChR) subtypes (for reviews, see Wonnacott, 1997; Le Novere et al, 2002) localized in dopaminergic mid and forebrain areas.
Dysfunction of nicotinic neurotransmission has been implicated in several psychiatric disorders, including schizophrenia (for a review, see Mihailescu and DruckerColin, 2000) . Moreover, epidemiological data show increased tobacco intake in patients suffering from psychiatric disorders, such as schizophrenia and attention deficit hyperactivity disorder (ADHD), potentially as a form of auto-medication to offset disease pathophysiology (for reviews, see Mihailescu and Drucker-Colin, 2000; Sacco et al, 2004) . Indeed, nicotine patches decrease depressive mood, reduce the severity of attentional deficits and improve cognitive deficits associated with schizophrenia and ADHD (Levin et al, 1996 Myers et al, 2004; Kumari and Postma, 2005 ; for reviews, see Rezvani and Levin, 2001; Buccafusco et al, 2005) . Wilens et al (1999) reported that ABT-418, a preferential a4b2 nAChR agonist, can also reduce impulsivity and hyperactivity in adults with ADHD.
The inactivation of the dopamine transporter (DAT) gene, which plays a key role in the regulation of DAergic transmission, generate constitutively hyperDAergic mice (DAT KO mice, Giros et al, 1996) . DAT KO mice show spontaneous hyperactivity and a paradoxical calming effect of psychostimulants, like methylphenidate used for ADHD therapy (Gainetdinov et al, 1999b; Spielewoy et al, 2001 ). These mice also exhibit a loss of lateralization, a deficit in pre-pulse inhibition of the startle reflex, as well as cognitive impairments, some of these being restored by antipsychotic agents (Gainetdinov et al, 1999a; Ralph et al, 2001; Morice et al, 2005; Morice et al, 2007) . All these data suggest that DAT KO mice represent a pertinent model for some of the symptoms encountered in schizophrenia, ADHD, and drug abuse (Gainetdinov and Caron, 2000 ; for a review, see Gainetdinov et al, 2001) . Interestingly, some human genetic studies suggest the involvement of a DAT gene polymorphism in ADHD (Cook et al, 1995; Gill et al, 1997; Waldman et al, 1998 ; for a review, see DiMaio et al, 2003) , although recent meta-analyses do not confirm this association (Purper-Ouakil et al, 2005; Li et al, 2006) . PET scan data have shown an increase of DAT density in the caudateputamen of ADHD patients, reversed by nicotine abuse (Krause et al, 2003) and by methylphenidate treatment (Krause et al, 2003; Vles et al, 2003) . Furthermore, in vivo imaging studies have provided evidence for a loss of the right-left asymmetry of DAT in the caudate of schizophrenic patients (Hsiao et al, 2003) .
Altogether, these data prompted us to study nicotinic neurotransmission in DAT KO mice. We recently observed that constitutive hyperDAergia elicited profound alterations in basal nAChR density and acute nicotine-induced behaviors in DAT KO mice (Weiss et al, 2007) . In particular, mutant mice were hypersensitive to the hypolocomotor effect of nicotine. Interestingly, co-administration of b2* (b2* receptor means its association with other nicotinic sub-units) and a7 nicotinic agonists at sub-active doses induced a synergistic hypolocomotor effect in mutant mice and nicotine did not elicit anxiety as in wild-type (WT) mice. In the present study, we investigated if acute nicotineinduced effects in DAT KO mice persist after chronic nicotine treatment. We chose to deliver nicotine in the drinking water, a more physiological administration mode (Pekonen et al, 1993; Pietila and Ahtee, 2000) . We assessed the effects of chronic nicotine treatment on nicotineinduced locomotion and on the anxiety status of WT and DAT KO mice. Furthermore, owing to the procognitive effects of nicotine in schizophrenic and ADHD patients and in rodents (for a review, see Levin et al, 2006) , we also tested the effects of both acute and chronic nicotine administrations on learning in DAT KO mice. For this purpose, we chose to test mouse performance in the cued and spatial versions of the Morris watermaze. Finally, we determined the effect of chronic nicotine treatment on the density of various DAergic and nicotinic receptors in some brain areas of WT and DAT KO mice.
MATERIALS AND METHODS

Animals and Chronic Treatment by Nicotine
The F1 hybrid WT and homozygous DAT KO mice were obtained by crossing congenic (12 backcrosses) C57BL/ 6JOrl-DAT heterozygous (HT) females with congenic (11 backcrosses) DBA/2JOrl-DAT HT males, as described previously (Morice et al, 2004) . The genotype of the mice was determined by polymerase chain reaction analysis of tail biopsy DNA, according to Carboni et al (2001) . Animals were housed under standard conditions, with food and water available ad libitum and a light cycle of a 12 h light : 12 h dark (lights on at 0730 h). Experiments were carried out in accordance with the European Communities Council Directive (86/809/EEC) and approved by the local ethical committee.
Mice were weaned at 4 weeks and were housed 2-4 per cage by litter, gender, and genotype. Nicotine was administered for 8 weeks in the drinking water (as only source of fluid), at a concentration of 70 mg/ml (free base), supplemented with 2% saccharin (Pietila and Ahtee, 2000) . Control mice received 2% saccharin in their drinking water. Body weight, fluid intake, and basal locomotor activity (see below) were recorded each week. All experiments were performed on naive WT and KO mice (about 60/40 females/ males) from the same litters. Mice were 10-13 weeks old at the beginning of chronic treatments.
Drugs
(7)-Butaclamol hydrochloride, 1,3-di-o-tolylguanidine, dopamine hydrochloride, nicotine hydrogen tartrate, and saccharin were purchased from Sigma-Aldrich (Saint Quentin Fallavier, France). Apomorphine hydrochloride and (7)-epibatidine hydrochloride were purchased from Tocris Cookson (Bristol, UK). Nicotine was dissolved in physiological saline as free base and was administered subcutaneously in a volume of 100 ml per 20 g weight. 125 I]-a-Conotoxin-MII was synthesized as described previously (Whiteaker et al, 2000) .
Behavioral Studies
Locomotor activity. The horizontal (locomotion) and vertical (rearing) activities were assessed in transparent activity cages (20 Â 15 Â 25 cm), with automatic monitoring of photocell beam breaks, located at 1.5 cm (horizontal activity) and 6.5 cm (vertical activity) above the floor (Imetronic, Bordeaux, France). Basal locomotor activities of mice were recorded for 60 min, between 1000 h and 1400 h, weekly during the chronic nicotine treatment. After 8 weeks of treatment, saccharin, and nicotine were substituted with water, 24 h before testing the locomotor effect of 1 mg/kg nicotine.
Elevated plus maze. The Plexiglas plus maze apparatus consisted of a central platform (7 Â 7 cm), two open arms (30 Â 7 cm), and two closed arms (30 Â 7 cm) with 17 cm high walls. The maze was placed at a height of 55 cm above the floor and located in a 50 lux illuminated soundattenuated room. Mice were placed in the central platform and allowed to freely explore the maze for 5 min. The numbers of entries and the time spent in both the open and closed arms were measured by two observers. The experiments were conducted between 1400 h and 1700 h.
Morris watermaze. The watermaze consisted of a circular stainless-steel pool (150 cm diameter, 29 cm height) filled to a depth of 16 cm with water at 20-221C and made opaque using a white aqueous emulsion (Acusol s OP 301 opacifier, Rohm Ihaas, France). The pool was located in a soundattenuated and brightly illuminated room. A video tracking system, including an overhead camera connected to an image analyzer and a computer (View Point, France), was used to monitor activity.
In the cued version, mice were trained to find and escape onto a rough stainless steel platform (9 cm diameter) located at the water surface and made visible by blue material. The pool was surrounded by curtains to hide other spatial cues. Both the platform location and the animal starting position were pseudo-randomly changed for each trial. Trials ended when mice climbed onto the platform, with a maximum searching time of 90 s. Mice that did not find the platform were gently guided and placed on it for 20 s. Animals were trained with two trials per day, for 5 consecutive days.
In the spatial version, the escape platform (6 cm diameter) was submerged 1 cm below the water surface. Mice learned the fixed position of the platform using prominent distal extra-maze cues arranged around the pool. The animal starting position was changed pseudo-randomly between each trial that ended when mice climbed onto the platform, with a maximum searching time of 90 s. Mice that did not find the platform were gently guided and placed on it for 20 s. The animals were trained with two trials per day, for 6 consecutive days. At the end of the last trial, animals were tested in the quadrant test. The platform was removed and the distance traveled by mice in each quadrant was monitored.
In the two versions, the first trials were conducted from 1000 h, mice were then left undisturbed in their home cage before the second trials at 1400 h. The mean latency (s), the mean distance traveled (m), the swimming speed (cm/s) and the proportion of successful trials were measured for each mouse.
Quantitative Autoradiography
Mice were killed by cervical dislocation and their brains rapidly removed and frozen in isopentane at À301C. Serial 10 mm coronal sections were cut at À201C, thaw-mounted on Superfrost Plus s slides and stored at À801C until use. To rule out possible binding of endogenous DA or acetylcholine to their own receptors, sections were preincubated in buffer before addition of radioactive ligands.
Autoradiographic determination of D1, D2 and D3 dopaminergic receptor densities. Labeling of D1 receptors was performed according to Fernagut et al (2003) . Slides were preincubated for 20 min at room temperature in 50 mM Tris-HCl buffer, pH 7.4, containing 120 mM NaCl, 5 mM KCl, 2 mM CaCl 2, and 1 mM MgCl 2 (Tris-ions buffer). Slides were incubated for 90 min at room temperature in a fresh Tris-ions buffer containing 3 nM [ 3 H]-SCH23390, with or without 10 mM butaclamol to determine non-specific binding. After four washes for 5 min with ice-cold Tris-ions buffer, sections were rapidly dipped in ice-cold water and dried. Slides were exposed to BAS-TR Fuji Imaging screens for 3 days and the screens were scanned with a Fuji Bioimaging Analyzer BAS-5000.
Labeling of D2 receptors was carried out according to Martres et al (1985) . Slides were preincubated three times for 5 min at room temperature in Tris-ions buffer supplemented with 0.1% bovine serum albumin (BSA) and 0.57 mM ascorbic acid. They were incubated for 60 min at room temperature in the same buffer in the presence of 0.2 nM [
125 I]-iodosulpride, with or without 10 mM apomorphine to determine non-specific binding. Sections were washed as described for D1 receptor labeling and exposed to Biomax MR films (GE Healthcare) for 12-36 h.
Labeling of D3 receptors was performed according to Stanwood et al (2000) , with the following modifications: slides were preincubated three times for 5 min at room temperature in 50 mM HEPES buffer, pH 7.4, supplemented with 1 mM EDTA, 2.8 mM ascorbic acid, 0.1% BSA, 100 mM GTP (to dissociate D2 receptors from G proteins) and 25 mM 1,3-di-otolylguanidine (to remove the labeling of s receptors). Then, sections were incubated for 60 min at room temperature in the same buffer in the presence of 0.25 nM [ 125 I]-7-OH-PIPAT, with or without 10 mM DA to determine non-specific binding. Sections were washed four times for 15 min in icecold HEPES buffer, dipped in ice-cold water, dried, and exposed to Biomax MR films for 1-3 days.
Autoradiographic determination of b2*, a6* (a6* receptor means its association with other nicotinic sub-units) and a7 nicotinic receptor densities. Labeling of b2* nicotinic receptors was performed according to Perry and Kellar (1995) . Slides were preincubated three times for 5 min at room temperature in Tris-ions buffer. Sections were incubated for 40 min at room temperature in the same buffer in the presence of 0.4 nM [
125 I]-epibatidine, with or without 300 mM nicotine to determine non-specific binding. Slides were then washed twice for 5 min in ice-cold Trisions buffer, dipped in ice-cold water, dried, and exposed to Biomax MR films for 2-3 days.
Labeling of a6* subunits was performed according to Whiteaker et al (2000) . Slides were preincubated for 15 min at room temperature in 20 mM HEPES buffer, pH 7.5, containing 144 mM NaCl, 1.5 mM KCl, 2 mM CaCl 2 , 1 mM MgSO 4 (standard binding buffer), supplemented with 0.1% BSA and 1 mM phenylmethylsulfonyl fluoride. Sections were incubated for 2 h at room temperature in the presence of 0.8 nM [
125 I]-a-conotoxin-MII in standard binding buffer supplemented with 0.1% BSA, 5 mM EDTA, 5 mM EGTA, and 1 mg/100 ml of aprotinin, leupeptin, and pepstatin A (protease inhibitors), with or without 1 mM epibatidine to determine non-specific binding. Slides were washed for 30 s at room temperature and then at 41C in standard binding buffer plus 0.1% BSA. Afterwards, the samples were washed twice for 5 s at 41C in standard binding buffer with 0.01% BSA and, finally, twice for 5 s at 41C in 5 mM HEPES buffer, pH 7.5. After dipping in ice-cold water and drying, they were exposed to Biomax MR films for 1-3 days.
Labeling of a7 nicotinic receptors was performed according to Spurden et al (1997) . Slides were pre-incubated for 30 min at room temperature in 50 mM Tris-HCl buffer, pH 7.4, containing 0.1% BSA. Sections were next incubated for 2 h at room temperature in the same buffer in the presence of 0.5 nM [
125 I]-a-bungarotoxin, with or without 1 mM nicotine to determine non-specific binding. Slides were washed four times for 10 min in ice-cold Tris-HCl buffer, dipped in ice-cold water, dried, and exposed to Biomax MR films for 1 week.
Quantification of receptor density. Standard radioactive microscales (GE Healthcare) were exposed on each autoradiographic film to ensure that labeling densities were in 
Statistical Analysis
Behavioral data were subjected to factorial two-, three-or four-way ANOVA, with genotype, sex, and treatment as between-group factors and time as a within-group factor. Significant main effects were further analyzed by post hoc comparisons of means using Fisher's exact test. The numbers of successful trials in the Morris watermaze tests were compared by the Kolmogorov-Smirnov non-parametric test. Data from autoradiographic experiments were subjected to factorial one-, two-, or three-way ANOVA, with genotype, area, and treatment as between-group factors. Significant main effects were further analyzed by post hoc comparisons of means using Fisher's exact test.
RESULTS
Effect of Chronic Nicotine Treatment on the Basal Locomotor Activity of WT and DAT KO Mice
Each mouse drank about 6 ml per 24 h and no significant difference was observed in the consumption of drinking water, regardless of genotype, gender, and treatment (not shown). This quantity corresponds to about 17 mg/kg/day nicotine (free base) and 5 g/kg/day saccharin.
A significant difference of body weight between WT and DAT KO mice was observed, as reported previously (Morice et al, 2004) . However, saccharin or nicotine treatment did not significantly alter mouse weight gain, whatever genotype and gender (not shown).
DAT KO mice were hyperactive, as already reported (Giros et al, 1996; Spielewoy et al, 2000; Morice et al, 2004) . Whereas the basal locomotor activity of saccharin-or nicotine-treated WT mice and nicotine-treated DAT KO mice did not significantly vary during the 8-week treatment, the basal activity of saccharin-treated DAT KO mice was significantly increased by 41% between week 2 and week 8 (F 1,29 ¼ 6.04, p ¼ 0.020, Figure 1 ). The increased basal locomotor activity could be owing to higher reactivity of DAT KO mice to aging or to 8-week experimentation, including weighing, exposure to actimeter cages and/or saccharin treatment. Oral chronic nicotine treatment of WT mice significantly increased their basal locomotor activity by + 15% during treatment (treatment: F 1,186 ¼ 7.91, p ¼ 0.009; Figure 1 ), probably due to behavioral sensitization and/or to withdrawal syndrome (Pietila and Ahtee, 2000; Gaddnas et al, 2001) . The same chronic nicotine treatment slightly decreased, but not significantly, basal locomotor activity of DAT KO mice.
Absence of Tolerance to Nicotine-Induced Hypolocomotion in Nicotine-Treated DAT KO Mice
We recently showed that DAT KO mice were hypersensitive to acute 1 mg/kg nicotine-induced hypolocomotion (Weiss et al, 2007) . In the present study, we determined the responsiveness of WT and DAT KO mice to 1 mg/kg nicotine, after an 8-week saccharin or nicotine treatment followed by a 24 h withdrawal ( Figure 2 (Giros et al, 1996; Spielewoy et al, 2000; Morice et al, 2004) .
Chronic nicotine treatment elicited a significant 37% increase of the basal activity of WT mice over the time course (compare Sacc-Sal with Nic-Sal, treatment: Figure 2 ). This increased basal hyperactivity was reminiscent of the withdrawal syndrome described previously in mice after such treatment (Pietila and Ahtee, 2000; Gaddnas et al, 2001) . In contrast, chronic nicotine treatment had no significant effect on the basal locomotion of DAT KO (Figure 2) . WT mice chronically treated by nicotine were tolerant to the hypolocomotion induced by the challenge dose of nicotine. Indeed, 1 mg/kg nicotine inhibited the locomotor activity of saccharin-treated (Sacc-Nic) WT mice by 61% over time course, compared with 23% in nicotine-treated (Nic-Nic) mice (treatment: F 1,330 ¼ 12.62, p ¼ 0.001, treatment Â time: F 11,330 ¼ 2.72, p ¼ 0.002). In contrast, nicotinetreated DAT KO mice did not show tolerance to the locomotor effect of the challenge dose of nicotine, which inhibited locomotor activity to the same extent whatever the pretreatment, that is 49 vs 65%. Similar effects of the nicotine challenge were observed on vertical locomotor activity of treated-WT and -DAT KO mice (not shown). 
Chronic Nicotine Treatment did Not Elicit an Anxiogenic Effect in DAT KO Mice
We previously showed that acute nicotine administration induced anxiety in WT mice, but not in DAT KO mice, when tested in the elevated plus maze apparatus (Weiss et al, 2007) . We therefore assessed the effect of an Locomotor effect of acute nicotine injection in chronic nicotine-treated WT and DAT KO mice after a 24 h withdrawal period. twenty-four hours after water was substituted to saccharin (Sacc) or nicotine (Nic), the effects of saline (Sal) or 1 mg/kg nicotine (Nic) were tested on the horizontal activity of WT (a) and DAT KO (b) mice. Means7SEM of photocell counts over a 5 min period during 60 min (top) and of cumulative counts over the first and last 30 min (bottom). In (c), nicotine-induced hypolocomotion (data from a and b, expressed as % of respective saline values) was compared in nicotinetreated WT and DAT KO mice. Number of mice in parentheses, WT mice: Sacc-Sal (17), Sacc-Nic (15), Nic-Sal (20), Nic-Nic (17); DAT KO mice: Sacc-Sal (8), Sacc-Nic (7), Nic-Sal (7), Nic-Nic (8). Fisher's test: # po0.05, comparison between basal locomotor activity (saline treatment) of saccharin-or nicotinetreated mice; *po0.001, comparison of nicotine effect between saccharin-and nicotine-treated mice of each genotype.
8-week nicotine treatment on the anxiety status of WT and DAT KO mice, by their performance on the elevated plus maze.
Both the time spent and the number of visits in the open arms were similar between males and females, irrespective of genotype (not shown). Accordingly, data for the two genders were pooled ( Interestingly, nicotine-treated WT mice spent twofold less time in the open arms than saccharin-treated WT mice (F 1,18 ¼ 10.17, p ¼ 0.005). In contrast, chronic nicotine treatment had no effect on the performance of DAT KO mice, compared with saccharin treatment, in the elevated plus maze apparatus.
The Impaired Cued and Spatial Performance of DAT KO Mice were Improved by Nicotine, without Tolerance
We investigated the effects of both acute and chronic nicotine treatments on the performance of WT and DAT KO mice, in the cued or the spatial version of the Morris watermaze (Figures 3 and 4) . In the two versions, the swimming speed of mice of both genotype did not vary significantly during trainings and did not differ between WT and DAT KO mice. Indeed, mean values over the entire training were 13.372.4 vs 9.972.3 cm/s in the cued training and 22.970.6 vs 23.770.5 cm/s in the spatial training, for WT and DAT KO mice, respectively (not shown).
To characterize the acute effect of nicotine, naive mice received saline or 0.35 mg/kg nicotine, 15 min before testing. To characterize the chronic and the chronic plus acute nicotine effects, saccharin-treated mice received saline, and nicotine-treated mice received saline or 0.35 mg/kg nicotine, 15 min before testing. Neither acute, nor chronic nicotine treatment had any effect on the swimming speed of WT and DAT KO mice (not shown). 
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Acute effect of nicotine on cued learning. Analysis of the data from acute nicotine experiments ( Figure 3) Neither chronic, nor chronic + acute treatment by nicotine had a significant effect on the performance of WT mice in cued learning. In contrast, chronic oral nicotine treatment improved, although not significantly, the performance of DAT KO mice, compared with saccharin-treated mice (Figure 4a) Chronic and chronic + acute nicotine administrations had no significant effect on the performance of WT mice (Figure 4b ). In contrast, both nicotine treatments improved the performance of DAT KO mice. Chronic nicotine treatment significantly decreased the latency of DAT KO mice by 9% for 6-day training (treatment Â training: F 5,65 ¼ 2.73, p ¼ 0.027) and by 31% between days 2 and 4 (treatment: F 1,26 ¼ 5.17, p ¼ 0.040), tend to decrease the traveled distance by 30% between days 2 and 4 (treatment: F 1,26 ¼ 4.42, p ¼ 0.056) and greatly increased the number of successful assays of mutant mice between days 2 and 4 (w 2 ¼ 2.80, p ¼ 0.040). Moreover, chronic oral nicotine treatment followed by acute 0.35 mg/kg nicotine improved more significantly performance of DAT KO mice, by decreasing the time and the distance traveled by 33% between days 2 and 4 (treatment: F 1,28 ¼ 5.14, p ¼ 0.039, and F 1,28 ¼ 5.77, p ¼ 0.031, respectively) and increasing the number of successful trials (w 2 ¼ 2.80, p ¼ 0.040). Finally, the probe trial, performed at the end of the training session (Figure 4b ), indicated that mice traveled more distance in the target (T) quadrant regardless of genotype and treatment, suggesting the use of a spatial strategy when locating the hidden platform.
Differential Effects of Nicotine Treatment on the Density of Dopaminergic and Nicotinic Receptors in the Brain of WT and DAT KO Mice
We examined the effect of chronic nicotine treatment on the relative density of DAergic and nicotinic receptors in regions where DAergic and nicotinic neurotransmission are colocalized. In all areas tested in this study, [ 125 I]-epibatidine at low concentrations is a specific ligand of b2 subunits (Marks et al, 2006) . Autoradiographic labeling with this ligand is entirely suppressed in mice lacking the b2 subunit gene (Zoli et al, 1998) and recovered by its re-expression in the ventral tegmental area (Maskos et al, 2005) .
Effects of chronic saccharin treatment on DAergic and nicotinic receptor density. Saccharin-treated DAT KO mice, compared with saccharin-treated WT mice, exhibited high modifications of DAergic (Table 2) and nicotinic receptor density (Table 3) , to the same extent and in the same areas than reported previously under basal conditions (Weiss et al, 2007) . Briefly, the relative density of the D1 DAergic receptors was decreased by 22-68% in all tested areas of DAT KO mice, except in the cingulate cortex (genotype Â area: F 4,46 ¼ 24.29, po0.001). The density of the D2 DAergic receptor was decreased by 33-63% in all areas tested (genotype Â area: F 5,49 ¼ 6.06, po0.001) and the density of the D3 receptor increased by 31-77% in all areas tested, except in the shell and core parts of the nucleus accumbens (genotype Â area: F 5,56 ¼ 5.01, po0.001).
The relative density of b2* nAChR in DAT KO mice was significantly decreased by 15-20% in all areas tested, except in the substantia nigra pars compacta and the prelimbic cortex (genotype: F 1,60 ¼ 29.04, po0.001). The relative density of the a6* subunit was significantly decreased by 25-35% in all areas tested, except in the ventral tegmental area and the nucleus accumbens (genotype Â area: F 5,47 ¼ 5.17, po0.001). a7 receptor density was significantly increased by 15-40% in the substantia nigra, the ventral tegmental area, the dorso-lateral striatum and the shell and the core parts of the nucleus accumbens, it was significantly decreased by 17% in the prelimbic cortex and was not modified in the amygdala and hippocampus (genotype Â area: F 7,73 ¼ 4.88, p ¼ 0.001).
Effects of chronic nicotine treatment on dopaminergic receptor density. The effects of chronic nicotine treatment on the relative density of DAergic receptors were genotype-, area-and subtype-dependent (Table 2 ). The treatment significantly decreased by 20% the density of D1 receptors in the pars reticulata of the substantia nigra of WT mice (F 1,9 ¼ 6.91, p ¼ 0.027), but had no effect in other areas as reported previously in mice after such treatment (Pietila et al, 1996) . It had no effect on the density of D2 receptors in WT mice, but significantly increased the density of D3 receptors by 33% in the ventral tegmental area (F 1,9 ¼ 10.65, p ¼ 0.003) and by 18% in the shell part of the nucleus accumbens of WT mice (F 1,9 ¼ 23.16, po0.001).
In DAT KO mice, nicotine treatment significantly increased the density of D1 receptors by 23% in the shell part (F 1,8 ¼ 6.55, p ¼ 0.034) and by 38% in the core part (F 1,10 ¼ 5.38, p ¼ 0.043) of the nucleus accumbens; it significantly decreased by 24% the density of D2 receptors in the substantia nigra pars reticulata (F 1,9 ¼ 5.08, p ¼ 0.050) and had no effect on the density of D3 receptors in any area tested.
Effects of chronic nicotine treatment on nicotinic receptor density. The effects of chronic nicotine treatment on the relative density of nAChRs were also genotype-, area-and subtype-dependent (Table 3) . In WT mice, nicotine treatment significantly increased the density of b2* subunits by 10% in the striatum (F 1,10 ¼ 9.49, p ¼ 0.012) and the prelimbic cortex (F 1,10 ¼ 5.76, p ¼ 0.037). It significantly decreased the density of a6* subunits by 27% in the substantia nigra pars compacta (F 1,9 ¼ 45.04, po0.001), by 25% in the substantia nigra pars reticulata (F 1,10 ¼ 14.91, p ¼ 0.003), by 19% in the striatum (F 1,10 ¼ 42.08, po0.001) and by 13% in the nucleus accumbens (F 1,8 ¼ 12.18, p ¼ 0.008). Finally, it significantly decreased the density of a7 receptors by 15% in the substantia nigra (F 1,10 ¼ 43.88, po0.001) and by 10% in the hippocampus (F 1,10 ¼ 5.47, p ¼ 0.042). In DAT KO mice, chronic nicotine treatment increased the density of b2* subunits by 20% in the ventral tegmental area (F 1,10 ¼ 16.80, p ¼ 0.002), by 16% in the striatum (F 1,10 ¼ 7.43, p ¼ 0.021) and by 10% in the nucleus accumbens (F 1,10 ¼ 10.52, p ¼ 0.009). It decreased the density of a6* subunits by 12% in the pars compacta of the substantia nigra (F 1,9 ¼ 11.71, p ¼ 0.008). Interestingly, nicotine treatment increased by 18% the density of a7 receptors in the prelimbic cortex (F 1,8 ¼ 10.62, p ¼ 0.012), so that a7 receptor density in this area of nicotine-treated DAT KO mice no longer differed from that of saccharin-treated WT mice. It also significantly increased the a7 receptor density by 13% in the amygdala (F 1,10 ¼ 5.05, p ¼ 0.048) and by 15% in the hippocampus (F 1,10 ¼ 13.66, p ¼ 0.004).
DISCUSSION
Our data demonstrated that oral chronic nicotine treatment induced biochemical and behavioral adaptations that depend on the DAergic neurotransmission tone. Constitutively hyperDAergic DAT KO mice were persistently hypersensitive, and not tolerant, to nicotine-induced hypolocomotion and they were not affected by the anxiogenic effect of nicotine treatment observed in WT mice. Very interestingly, their impaired performance in cued learning was greatly improved by acute nicotine treatment. More importantly, DAT KO mice were not tolerant to the procognitive effect of nicotine, because of its effect on performance in both cued and spatial learnings persisted even after an 8-week treatment. The procognitive effect of nicotine in DAT KO mice paralleled the normalization or the increase in a7 nAChR density in the hippocampus, the amygdala, and the prelimbic cortex, all areas involved in learning.
Modulation of DAergic and Nicotinic Receptor Densities by Chronic Nicotine Treatment Depended on the DAergic Neurotransmission Tone
Altogether, our results suggest that oral chronic nicotine treatment modulated the density of DAergic and nicotinic receptors in a manner dependent on the strength of DAergic neurotransmission. Variations were opposite in the case of the D1 DAergic receptor density, which decreased in WT mice, but increased in hyperDAergic DAT KO mice. Chronic nicotine had no effect on the density of D2 receptors in WT mice, as reported previously in mice (Pietila et al, 1996) , but decreased D2 receptor density in DAT KO mice. It increased the density of D3 receptors in Pro-cognitive effect of nicotine and hyperdopaminergia S Weiss et al WT mice, as already reported in rats (Le Foll et al, 2003) , but had no effect on D3 density in DAT KO mice. In both WT and DAT KO mice, oral chronic nicotine treatment increased b2* nAChRs in line with previous results in control mice (for reviews, see Buisson and Bertrand, 2002; Gentry and Lukas, 2002) and decreased a6* nAChRs, as reported previously with autoradiographic labelings in control mouse or rat brain (Lai et al, 2005; Mugnaini et al, 2006) , but in contrast with other data from labelings on particulate fractions of rat cerebral areas (Parker et al, 2004) . Finally, such a treatment induced opposite variations of a7 nAChRs, which decreased in WT and increased in DAT KO mice. The decreased a7 nAChR density induced by chronic nicotine treatment of WT mice contrasted with previous results showing upregulation (Sparks and Pauly, 1999; Nuutinen et al, 2005; Pakkanen et al, 2005) . However, in our study the administered dose of nicotine was much lower compared with other studies in mice (70 mg/ml vs increasing doses from 50 to 500 mg/ml at the end of treatment). Very interestingly, the nicotine treatment of DAT KO mice normalized the decreased basal a7 nAChR density in the prelimbic cortex and upregulated the density in the hippocampus and amygdala, all areas related to the procognitive effect of nicotine (see below).
Finally, potential circuitry/developmental adaptations could impact the nicotinic neurotransmission alterations we observed in DAT KO mice. This hypothesis is suggested by the colocalization of DAT, D2, and D3 autoreceptors and some nAChRs as a4b2 receptors on midbrain neurons (Diaz et al, 2000 ; for reviews, see Wonnacott, 1997; Le Novere et al, 2002) and studies reporting a role of D2 DAergic receptors and a4* nAChR subunits in modulating the neuronal arbor (Parish et al, 2005) .
Nicotine-Treated DAT KO Mice were Not Tolerant to the Nicotine-Induced Hypolocomotion Chronic nicotine treatment had no calming effect on the basal constitutive hyperactivity of DAT KO mice. However, we have used a rather low dose of nicotine and we recorded the mouse locomotion between 1000 h and 1400 h, but not during the dark cycle which represents their active phase.
After 8 weeks of nicotine treatment in the drinking water and 24 h withdrawal, WT mice exhibited tolerance to the hypolocomotion induced by a challenge dose of nicotine, as reported previously (Sparks and Pauly, 1999; Pietila and Ahtee, 2000 ; for reviews, see Malin, 2001; Picciotto and Corrigall, 2002) . In contrast, such chronic treatment did not induce tolerance of DAT KO mice to nicotine-induced hypolocomotion.
Discontinuous nicotine treatment has been reported previously to elicit upregulation of nAChRs, potentially by post-transcriptional mechanisms and to promote a decrease in nAChR functional responsiveness (for reviews, see Buisson and Bertrand, 2002; Gentry and Lukas, 2002) . In our study, tolerance of WT mice to nicotine-induced hypolocomotion could be owing to decreased (or desensitized) levels of nAChRs and/or DAergic receptors involved in hypolocomotion. Alternatively, it can also be owing to increased (or sensitized) levels of receptors involved in hyperactivity. As DAT KO mice did not exhibit tolerance, such modulations are most probably not present in these mice. Among nAChR subtypes, a7 receptors are good candidates to explain nicotine responsiveness of WT and DAT KO mice, because their density was decreased by chronic nicotine treatment in WT mice, but increased in DAT KO mice. Moreover, their stimulation has been previously implicated in nicotine-induced hypolocomotion in our mouse lines (Weiss et al, 2007) . Still, we have not characterized the sensitization state of nAChRs in WT and DAT KO mice, so that involvement of b2* and a6* subtypes cannot be ruled out. Among DAergic receptors, D3 receptors are good candidates, as D3 KO mice displayed hyperlocomotion (Accili et al, 1996) and because nicotine treatment elicited increased density in WT mice, but no effect in DAT KO mice. In addition, taking into account the colocalization of D1 and D3 receptors in accumbal neurons and their opposite or synergistic influence (for a review, see Schwartz et al, 1998) , we can postulate that an imbalance between the levels of D1 and D3 receptors could be responsible for the differential locomotor effects of chronic nicotine in WT (decreased D1/D3) and DAT KO mice (increased D1/D3).
Whatever the mechanism involved in tolerance of WT mice, our data showed that the calming effect of nicotine on the hyperactivity of DAT KO mice could persist even after an 8-week chronic treatment.
Chronic Nicotine Treatment did Not Elicit an Anxiogenic Effect in DAT KO Mice
There is strong evidence that serotonin tone plays a permissive role in nicotine modulation of anxiety (for a review, see Seth et al, 2002) . Previous studies show that some opposite behaviors of WT and DAT KO mice can be attributed to imbalance between DA and serotonin neurotransmissions (Gainetdinov et al, 1999b; Spielewoy et al, 2001; Barr et al, 2004) . It was thus interesting to test the anxiety status of WT and DAT KO mice after chronic nicotine treatment. We showed that DAT KO mice spent more time in the open arms than their WT counterparts, suggesting that they were less anxious in the elevated plus maze apparatus. The decreased anxiety of DAT KO mice, which should be confirmed by other paradigms, was not related to their hyperactivity, because both genotypes had the same number of entries.
As did an acute treatment (Weiss et al, 2007) , chronic nicotine treatment induced an anxiogenic effect on WT mice, indicating that these mice were not tolerant to the anxiogenic effect of nicotine. Interestingly, neither acute (Weiss et al, 2007) , nor chronic nicotine treatment elicited anxiety in DAT KO mice. These data supported the existence of a different balance of DA/serotonin neurotransmissions between WT and DAT KO mice.
Nicotine Treatment Improved the Performance of DAT KO Mice in Cued and Spatial Learning, without Eliciting Tolerance Cognitive impairments, mainly affecting working memory, attention, and response inhibition, are considered as a core feature of schizophrenia (for a review, see Green, 2006) and ADHD (for a review, see Barkley, 2003) . Nicotine has proven to be effective to improve some of the cognitive deficits in schizophrenia and ADHD (for reviews, see Levin, 2002; Levin and Rezvani, 2002; Sacco et al, 2004) . Previous studies in our lab have shown that DAT KO mice exhibited impaired performance in the Morris watermaze paradigms (Morice et al, 2007) involving memory, attentional processes, and cognitive flexibility (for a review, see D'Hooge and De Deyn, 2001 ). Consequently, we chose to test the effect of acute and chronic nicotine administration on the performance of mice in the cued and spatial versions of the Morris watermaze.
Surprisingly, DAT KO mice did not exhibit a significantly higher swimming speed than WT mice in both versions of the Morris watermaze. The absence of hyperactivity of mutant mice was also seen in the elevated plus maze test. This could be because of more stressful conditions of the watermaze and the plus maze tests, compared to actimetry.
DAT KO mice exhibited impaired or delayed performance in the cued and the spatial versions of the Morris watermaze test, respectively, in agreement with previous observations (Morice et al, 2007) . The poor cognitive performance of mutant mice could not be owing to their anxiety status, because they exhibited better performance than WT mice in the elevated plus maze test. Very interestingly, we showed that the cognitive deficits of DAT KO mice in the cued learning were improved by both acute and chronic nicotine treatments, without tolerance even after an 8-week treatment. We also showed that the deficits of DAT KO mice in the spatial learning were improved by a chronic nicotine treatment.
Numerous studies in humans and rodents demonstrate the pro-cognitive effect of nicotine treatment (for reviews, see Buccafusco et al, 2005; Levin et al, 2006) . Data from the literature indicate that the working memory performance of rodents is improved by the stimulation, or the co-stimulation, of nAChRs in the hippocampus, the dorsal striatum and the baso-lateral amygdala ; for reviews, see Packard and Knowlton, 2002; Levin et al, 2006) . In addition, the attention-enhancing effect of nicotine is mediated by the prefrontal cortical nicotinic receptors (for a review, see Mansvelder et al, 2006) . Interestingly, DAT KO mice had a lower a7 receptor density in their prelimbic cortex than WT mice, perhaps in relation to their impaired cognitive performance. In contrast, there was no variation of the basal a7 receptor density in the hippocampus of DAT KO mice compared to WT mice. One explanation for the impaired performance of mutant mice in the spatial version is that the a7 receptors in hippocampus, known to be involved in spatial learning, may be understimulated by basal ACh release. Interestingly, chronic nicotine treatment induced a significant 15-20% increase of a7 nAChR density in the prelimbic cortex, the amygdala, and the hippocampus of DAT KO mice. These results suggest the involvement of functional a7 nAChRs in the pro-cognitive effect of chronic nicotine treatment in DAT KO mice. Such a hypothesis is in agreement with previous studies showing impaired performance of a7 nAChR knockout mice (Young et al, 2004 (Young et al, , 2007 Keller et al, 2005) . Deficit in sensory gating in schizophrenic patients has been suggested to be linked to a7 nAChR (for a review, see Adler et al, 1998) and can be improved by DMXB-A, an a7 nAChR agonist (Olincy et al, 2006) . In addition, cognitive deficits associated with Alzheimer's disease are also improved by DMXB-A (for a review, see Kem, 2000) . Finally, a recent study in our laboratory has also shown that the impaired performance of DAT KO mice in the cued version of the watermaze was improved by acute DMXB-A (El Khouzy et al, in preparation), reinforcing the idea that the beneficial effects of nicotine on the cognitive functions of DAT KO mice may be mediated by a7 nAChR stimulation.
Acute nicotine treatment did not elicit pro-cognitive effects in WT mice. This lack of improvement is in agreement with previous reports on mouse performance in watermaze (Bernal et al, 1999; Vicens et al, 2003; Moragrega et al, 2003) . More surprisingly, chronic nicotine treatments did not improve the performance of WT mice, in contrast with numerous studies (Bernal et al, 1999 ; for reviews, see Buccafusco et al, 2005; Levin et al, 2006) . This suggests that WT mice were less sensitive than DAT KO mice to the pro-cognitive effect of nicotine. Alternatively, nicotine could exert pro-cognitive effects only when learning is impaired, depending for example on genetic background (van Dam et al, 2006) . This hypothesis is also suggested by studies on healthy and diseased humans (for a review, see Sacco et al, 2004) . This feature reinforces the validity of our animal model towards psychiatric diseases.
In conclusion, our data demonstrated that DAT KO mice, which represent a pertinent model for various symptoms encountered in schizophrenia and ADHD, were not tolerant to the 'calming' locomotor effect of oral chronic nicotine treatment. Moreover, acute and chronic nicotine alleviated cognitive deficits, without the side effects of tolerance and anxiogenesis. These beneficial effects could be associated with a normalization or an increase of cholinergic neurotransmission. Data from our previous and present studies suggest that DAT KO mice can be used to identify the molecular effects of nicotine and to understand the nicotine self-medication of psychiatric patients. In addition, they suggest that a combination of nicotinic receptor agonists might favorably lead to additional therapy of some psychiatric diseases.
